Drought is a natural disaster that occurs globally when water availability is significantly below normal levels. Drought assessment is important for water resource planning, and therefore indexes can be used to characterize drought magnitudes. Using the monthly streamflow data at 47 stations from 1972 to 2011, the streamflow drought index (SDI) series with 3-(SDI-3), 6-(SDI-6), and 12-month (SDI-12) time scales were calculated, and the hydrological drought of the upper Tigris Basin in Turkey has been assessed. The results showed that almost all stations experienced at least one severe drought during the study period. The results revealed that since the early 1990s the study area has become drier. Using the data for a 12-month period and the area of the sub-basins for each flow monitoring station, area-weighted SDI-12 (WSDI) values were constructed. According to the WSDI results, the intensity and number of drought conditions increased during every 10-year period. This outcome has been verified using the maps of averaged SDI-12 values over the Tigris Basin. We noticed from observations of the maps that the time domain zones in lower latitudes experienced drought earlier as compared with zones in higher latitudes.
Introduction
Given the impact of climate change, hydrological extremes are occurring more frequently. The low streamflow that is associated with droughts is one of the extreme hydrological phenomena that is mainly caused by meteorological abnormalities and human activities in the catchments [1] . Hydrological drought has had negative impacts on humankind's water supply, ecological stability, and agricultural systems [2] . The basis for drought cannot be defined by the initial point in the global hydrological cycle [3] . Although there is no general agreement about the definition of drought, it is usually defined as below-normal water availability [4] [5] [6] .
In terms of the four basic approaches to measuring drought, Wilhite and Glantz [7] categorized the definitions as meteorological, hydrological, agricultural, and socioeconomic drought. Among these, the first three definitions involve methods of measuring drought as a physical phenomenon, whereas the last definition involves tracking water scarcity and the effects on supplies through socioeconomic systems. Foremost among these definitions, hydrological drought is significant due to its high interdependence on processes such as the effects of urban water supply and hydropower generation on surface water resources [8] . To monitor drought, various drought indices that provide a quantitative method for determining drought events have been developed using hydrological variables. These indexes are the simplest method to monitor drought conditions because the index value indicates the level of drought severity [9] . Similar to drought definitions, the drought indicators are based on the originates from a small mountain lake south of the city of Elazig, and then flows through Iraqi territory via many tributaries. It forms the border between Turkey and Syria over a short distance, and crosses into Iraq. In Iraq, the Tigris River joins the Euphrates River and then flows into the Persian Gulf as the Shatt al-Arab River. The total length of the Tigris River is 1990 km, and as the focus of our current study, the river flows for 512 km through Turkish territory. The Tigris Basin is located in Eastern and Southeastern Anatolia. In both regions, continental climate characteristics dominate. The precipitation and temperature averages change from south to north, and east to west in the basin. Whereas the precipitation amounts in the mountainous regions are high, the precipitation amounts in the lowlands drop to a yearly average value of 400 mm. In the elevated parts of the Tigris Basin, snowfall is high, and river flows are formed from snow melting, reaching a maximum between March and May. During this time, half of the total water volume passes through the river. Towards the end of summer, the flow in the river reduces. The basin experiences a subtropical Mediterranean climate with wet winters and dry summers [31] . The characteristic vegetation of the basin is a maquis shrubland.
Data
Since the Tigris Basin is large, several meteorological stations in the basin are operated by the State Hydraulic Works (DSI) and Meteorological Service (MGI). Using the stations that have a data period greater than any 10-year period between 1972 and 2011 ( Figure 2 ), the average monthly precipitation, evaporation, minimum temperature, maximum temperature, and average temperature amounts were calculated. Since the records of meteorological and hydrological datasets did not overlap, various kinds of drought could be traced. Instead, only the rainfall map was depicted to interpret the spatial variability in rainfall over the basin. To accurately represent rainfall distribution, the homogeneity of the network with a continuous record length was required. Heterogeneity in the network distribution caused difficulties in interpolating measurements into a uniform grid [32] . Given physiological network weaknesses, the ordinary Kriging method was used to procure climatological information. . Spatial distribution of the yearly rainfall map using ordinary Kriging method and distribution of meteorological stations including sub-basins of the study area (red circles show stations that measure temperature and precipitation, green circles show stations that measure precipitation, and the abbreviation E shows stations that measure evaporation).
For the purpose of interpreting the rainfall variability over the basin, the ordinary Kriging method has been used to generate averaged yearly rainfall amounts. For the whole basin, average rainfall amounts were determined each month. As seen in Figure 3 , the percentages of the rainfall amount in winter, spring, autumn, and summer were 40%, 39%, 19%, and 2%, respectively. When the rainfall distribution was examined in the spatial domain, we observed that rainfall occurred mostly to the north and southeast of the basin (Figure 2 ). The average annual rainfall amount in the Tigris Basin was 772.7 mm, which was greater than the country's average rainfall amount of 574 mm. Figure 3 . Average monthly precipitation, evaporation, minimum temperature, maximum temperature, and average temperature. We used 96, 15, and 21 meteorological stations for the average calculation of precipitation, evaporation, and temperature for the whole basin area, respectively. Figure 2 measured the air temperature. The measurements indicated that the average annual temperature in the basin was 13.8 • C. The highest and lowest temperature values were measured in July and December, respectively. Using the arithmetic mean method the basin's average evaporation value was calculated using stations that had class A pan evaporation data and a working period greater than 15 years. As seen in Figure 3 , the average annual evaporation was calculated as 2003.3 mm.
Stations shown with a red circle in
To analyze the hydrological drought index, the monthly observed streamflow data were collected. Figure 1 represents the 104 hydrometric stations in the Tigris Basin, shown with red and green circles. However, data length limited the number of stations to 47, shown with green circles in Figure 1 . Their geographical coordinates and elevations are presented in Table 1 . The data covered the period from 1972 to 2011. The elevations of the stations ranged between 370 and 1928 m. The region had several storage dams and hydropower plants ( Figure 1 ). Therefore, streamflow naturalization, which implies removing quantifiable human influences, was performed. 
Methods

Streamflow Naturalization
For SDI computations, naturalized flow data were used. The data were gathered from the Upper Tigris Basin master plan final report. According to this report, naturalization studies were conducted considering the water consumption amounts in upstream facilities, which were generally irrigation facilities. Flow data were naturalized using the Equation:
where Q n and Q m are the normalized flow and measured flow amounts, respectively; and Q u is the upstream water consumption amount or water volume differences in the storage facilities. Figure 4 shows the storage facilities and irrigation areas (planning, proposed, and operational) located in the upstream part of the flow monitoring station 1. As seen in Figure 4 , Q m is the observed flow amount at station 1, and Q u was the water volume amount that was stored in dams and ponds or used for irrigation purposes. In some of the irrigated areas, which are mainly operated by the public, the required water was directly supplied from the stream. For the report, using the records from the water storage facilities and water consumption data from the field, monthly net water consumption values, Q u , were calculated. Estimation of the naturalized time series along the river was the hardest part of the master final report. Because a monthly time scale was used throughout the report, consistent estimations were obtained. During the studies, it was assumed that the ratio of irrigation return flow was 0.15. For the calculations, the launch date of the structures and the water requirements with current plant patterns were considered. It should also be noted that the hydropower plants in the basin did not cause any change in the amount of flow.
Normality Tests of Data Series
The Kolmogorov-Smirnov (K-S) test was used to check the goodness of fit of the streamflow data at the 0.05 significance level. To decrease the skewness of the streamflow series for all the reference periods, log-distributions were used. Figure 5 shows the results of the number of streamflow series in the K-S test for initial and logarithmic distributions. The log-normal distribution appeared to be the better choice. After the dataset was transformed to the logarithmic form, the SDI values for each station were computed. For the computations, the cumulative streamflow, and the mean and standard deviation of the cumulative streamflow volumes for the reference period has been calculated using the transformed data.
During the studies, it was assumed that the ratio of irrigation return flow was 0.15. For the calculations, the launch date of the structures and the water requirements with current plant patterns were considered. It should also be noted that the hydropower plants in the basin did not cause any change in the amount of flow.
The Kolmogorov-Smirnov (K-S) test was used to check the goodness of fit of the streamflow data at the 0.05 significance level. To decrease the skewness of the streamflow series for all the reference periods, log-distributions were used. Figure 5 shows the results of the number of streamflow series in the K-S test for initial and logarithmic distributions. The log-normal distribution appeared to be the better choice. After the dataset was transformed to the logarithmic form, the SDI values for each station were computed. For the computations, the cumulative streamflow, and the mean and standard deviation of the cumulative streamflow volumes for the reference period has been calculated using the transformed data. 
Streamflow Drought Index (SDI)
To characterize hydrological drought, the SDI has been developed by Nalbantis and Tsakiris [13] . For SDI calculations, the hydrological year started in October and ended in September. Using monthly streamflow volumes, , , in which i denotes the hydrological year and j denotes the month within that hydrological year, the cumulative streamflow volume, , , was calculated based on the equations below: 
To characterize hydrological drought, the SDI has been developed by Nalbantis and Tsakiris [13] . For SDI calculations, the hydrological year started in October and ended in September. Using monthly streamflow volumes, Q i, j , in which i denotes the hydrological year and j denotes the month within that hydrological year, the cumulative streamflow volume, V i,k , was calculated based on the equations below:
Equations (2)-(4) calculated SDI values for 3-, 6-, and 12-month periods, respectively. The SDI is described with cumulative streamflow volumes V i,k for each reference period k of the ith hydrological year as follows:
where V k and S k are the mean and the standard deviation of cumulative streamflow volumes for reference period k, respectively. According to the SDI criterion, wet conditions are defined with values greater than 0, whereas drought conditions are defined with values lower than 0. The descriptions of hydrological drought states are provided with the criteria in Table 2 . Table 2 . Description of hydrological drought based on the streamflow drought index (SDI) criterion [13] .
Description Criterion
Non-drought
Results and Discussions
Since there were 47 stations over the study area, the SDI values of the stations that were located close to the outlet are depicted in the results. As seen in Figure 1 As seen in Figures 6 and 7 , the difference between the minimum and maximum SDI values in the three-month periods was similar to the six-month periods. For instance, the minimum and maximum SDI-3 values for the reference periods October-December and January-March were −2.07 (station 45 in 2006, October-December); 2.89 (station 21 in 1988, October-December); −2.15 (station 37 in 2000, January-March); and 3.21 (station 45 in 2010, January-March). The maximum absolute difference between these values was 5.36 for the January-March period. The minimum and maximum SDI-6 values for the October-March period were −2.22 (station 37 in 2000) and 2.91 (station 21 in1988), respectively. The absolute difference was 5.13. Similarly, for the reference periods April-June and July-September, the minimum and maximum SDI-3 values were −2.49 (station 21 in 1989, April-June); 2.44 (station 20 in 1993, April-June); −2.06 (station 21 in 1996, July-September); and 3.05 (station 37 in 1993, July-September), respectively. The maximum absolute difference between these values was 5.11 for the July-September period. The minimum and maximum SDI-6 values for the April-September period were −2.35 (21 in 1989) and 2.56 (station 37 in 1993), respectively. The absolute difference was 4.91. The minimum and maximum SDI values of the stations in the six-month As seen in Figures 6 and 7 , the difference between the minimum and maximum SDI values in the three-month periods was similar to the six-month periods. For instance, the minimum and maximum SDI-3 values for the reference periods October-December and January-March were −2.07 (station 45 in 2006, October-December); 2.89 (station 21 in 1988, October-December); −2.15 (station 37 in 2000, January-March); and 3.21 (station 45 in 2010, January-March). The maximum absolute difference between these values was 5.36 for the January-March period. The minimum and maximum SDI-6 values for the October-March period were −2.22 (station 37 in 2000) and 2.91 (station 21 in1988), respectively. The absolute difference was 5.13. Similarly, for the reference periods April-June and July-September, the minimum and maximum SDI-3 values were −2.49 (station 21 in 1989, April-June); 2.44 (station 20 in 1993, April-June); −2.06 (station 21 in 1996, July-September); and 3.05 (station 37 in 1993, July-September), respectively. The maximum absolute difference between these values was 5.11 for the July-September period. The minimum and maximum SDI-6 values for the April-September period were −2.35 (21 in 1989) and 2.56 (station 37 in 1993), respectively. The absolute difference was 4.91. The minimum and maximum SDI values of the stations in the six-month The SDI-3 series for the period July-September are shown in Figure 6d . In contrast to the other three-month periods, there was less deviation in the positive SDI-3 values after the year 1988. This period was the driest period in the region. Therefore, the general trend in the streamflow after 1988 has been defined as mild or moderate drought.
As seen in Figures 6 and 7 , the difference between the minimum and maximum SDI values in the three-month periods was similar to the six-month periods. For instance, the minimum and maximum SDI-3 values for the reference periods October-December and January-March were −2.07 (station 45 in 2006, October-December); 2.89 (station 21 in 1988, October-December); −2.15 (station 37 in 2000, January-March); and 3.21 (station 45 in 2010, January-March). The maximum absolute difference between these values was 5.36 for the January-March period. The minimum and maximum SDI-6 values for the October-March period were −2.22 (station 37 in 2000) and 2.91 (station 21 in1988), respectively. The absolute difference was 5.13. Similarly, for the reference periods April-June and July-September, the minimum and maximum SDI-3 values were −2.49 (station 21 in 1989, April-June); 2.44 (station 20 in 1993, April-June); −2.06 (station 21 in 1996, July-September); and 3.05 (station 37 in 1993, July-September), respectively. The maximum absolute difference between these values was 5.11 for the July-September period. The minimum and maximum SDI-6 values for the April-September period were −2.35 (21 in 1989) and 2.56 (station 37 in 1993), respectively. The absolute difference was 4.91. The minimum and maximum SDI values of the stations in the six-month periods coincide with one of the three-month periods. These differences in values show that increasing the time increments in the reference periods do not significantly affect the SDI values. In the reference period April-September, stations 37 and 21 had the lowest SDI-6 values with severe drought for the years 2000 and 1989, respectively. In the last 15 years of the study period, the decrease in the SDI-6 series was more remarkable in the April-September reference period as compared with the October-March period. In addition to this decrease, the excess evaporation in this period, shown in Figure 3 , had a negative impact on irrigation, because the water requirement for crop irrigation is the highest between May and September in the Tigris Basin.
The SDI-12 series for the 12-month periods are depicted in Figure 8 . All the stations experienced at least one extreme drought during the years 1999 and 2000. The most severe drought occurred at station 20, with an SDI-12 value equal to −2.23. All the moderate drought events occurred in the last 13 years of the study period. In general, the years 1999, 2000, 2001, and 2008 were the driest years.
We noticed that the SDI distributions with time for the yearly reference periods are generally consistent with other periods. Therefore, using the yearly SDI-12 values of all the stations in the Tigris Basin, the area-weighted SDI (WSDI) values were computed for each year.
where j is the hydrological year and A i is the intermediate basin area of the i th station.
The drought conditions of the Tigris Basin for 40 hydrological years are shown in Figure 9 . Each drought class is represented by a different color for a better visualization of drought intensity, e.g., the severe events are shown in red. As seen in Figures 8 and 9 , good similarities were obtained with the SDI-12 series for five stations and the WSDI series with all stations. Although some classification differences occurred in some of the years, such as 1973, 1984, 1985, and 2006 , the differences in the index amounts were small. For example, in 1985 three of the five stations, stations 36, 45, and 37 showed non-drought conditions with SDI-12 values of 0.32, 0.32, and 0.14, respectively, and the other two stations, stations 20 and station 21, showed mild drought conditions with SDI-12 values of −0.19 and −0.28, respectively. However, the value of WSDI for the same year was −0.2. The averages of SDI-12 in the years 1999, 2000, and 2008 indicated that a severe drought occurred in the basin, and this description coincides with the WSDI values in Figure 9 for the same years.
The WSDI results in the study area indicate that severe and moderate drought events tend to follow each other with an average duration of more than one year. For example, severe drought was experienced in 1999 and 2000. In the following year, 2001, moderate drought conditions were observed.
In the successive years, 2008 and 2009, severe and mild drought conditions were recorded. In five different periods wet conditions were observed unremittingly in the study area. The longest wet period occurred between 1992 and 1998. However, the wettest year, 1988 (SDI-12 = 2.44), was not part of the longest wet period. drought class is represented by a different color for a better visualization of drought intensity, e.g., the severe events are shown in red. As seen in Figures 8 and 9 , good similarities were obtained with the SDI-12 series for five stations and the WSDI series with all stations. Although some classification differences occurred in some of the years, such as 1973, 1984, 1985, and 2006 , the differences in the index amounts were small. For example, in 1985 three of the five stations, stations 36, 45, and 37 showed non-drought conditions with SDI-12 values of 0.32, 0.32, and 0.14, respectively, and the other two stations, stations 20 and station 21, showed mild drought conditions with SDI-12 values of −0.19 and −0.28, respectively. However, the value of WSDI for the same year was −0.2. The averages of SDI-12 in the years 1999, 2000, and 2008 indicated that a severe drought occurred in the basin, and this description coincides with the WSDI values in Figure 9 for the same years. The WSDI results in the study area indicate that severe and moderate drought events tend to follow each other with an average duration of more than one year. For example, severe drought was experienced in 1999 and 2000. In the following year, 2001, moderate drought conditions were observed. In the successive years, 2008 and 2009, severe and mild drought conditions were recorded. In five different periods wet conditions were observed unremittingly in the study area. The longest wet period occurred between 1992 and 1998. However, the wettest year, 1988 (SDI-12 = 2.44), was not part of the longest wet period. According to the results (Figure 9 ), the intensity and frequency of the drought conditions increased in every 10-year period. This increase is confirmed by the distribution of the average SDI-12 values for each sub-basin in every 10-year period, depicted in Figure 10 . The red color in Figure 10 represents the average SDI-12 values lower than zero, indicating drought conditions. The blue color represents the average SDI-12 values equal to or greater than zero, indicating non-drought conditions. As seen in Figure 10 , the areas that experienced drought increased over time. In general, drought conditions are dependent on mean latitude. Areas further south experienced drought earlier than areas further north. We observed that the intensity of drought increased with time. In the last 10-year period, two sub-basins had average drought values lower than −0.5 (Figure 10d ). Before this 10-year period, average SDI-12 values this low were unprecedented.
In the Middle East, many regions have faced drought-related problems since the 1900s [33] . The results presented in this study are important for the future of water availability in the region, taken collectively with an increase in population, water stress is likely to noticeably decrease per capita renewable water resources. Our findings support the findings reported by other studies in this area. Chenoweth et al. suggested that the average annual Tigris-Euphrates river system discharge could decline 12% during the 2040-2069 period [34] . Another study, related to snow-water availability in the Euphrates-Tigris Basin, using climate model outputs and outputs provided by the variable infiltration capacity (VIC) model, suggested that snow accumulation in the lower zones of the basin will decrease more rapidly, and this will likely depress overall production volumes and the timing of peak river flow [35] . Another study, conducted by Bozkurt et al., used hydrological discharge models and a variety of model datasets to investigate the future of discharge in the Euphrates-Tigris Basin [36] . In their study, different scenario simulations revealed that a significant decrease in the mean annual discharge was occurring, ranging from 19% to 58%, and the central time of the discharges was temporally shifting to earlier timeframes within the hydrological year. A study has been conducted by Voss et al. to examine the behavior of water storage within the Tigris-Euphrates region using Gravity Recovery and Climate Experiment (GRACE) data from 2003 to 2009 [37] . They reported that water storage in this region was declining, as shown by the GRACE data especially after 2007, which coincided with the last 10-year period of this study (Figure 10d ). 
Summary and Conclusions
We estimated hydrological droughts using the streamflow drought index (SDI) in the upper Tigris Basin over the period from 1972 to 2011 with monthly streamflow data at 47 stations. After naturalizing streamflow, the probability distributions of log-normal and normal data were tested with the Kolmogorov-Smirnov test. Then, we analyzed the hydrological drought based on the SDI values using 3-(SDI-3), 6-(SDI-6), and 12-month (SDI-12) time scales at the five stations closest to the outlet on the country's borders. The weighted SDI-12 (WSDI) values were calculated using data from all flow monitoring stations and their related sub-basin areas.
The main conclusions from this study are as follows:
(1) The results of the K-S test showed that log-normal distribution was better than normal distribution at the 0.05 significance level. (2) Almost all stations experienced at least one severe drought during the study period. For yearly (12-month) periods, severe and moderate drought conditions mostly occurred after 1999. (3) The SDI-6 series showed a more remarkable decrease during the April-September period as compared with the October-March period. During the April-September period, evaporation was very high. A decrease in streamflow and water losses through evaporation resulted in reduced use of irrigation water, because the requirement for crop irrigation was the highest between May and September in the study region. (4) The WSDI findings confirmed the SDI-12 results of the selected stations. According to the WSDI results, the intensity and frequency of drought conditions increased in every 10-year period. This outcome has been verified using the maps of averaged SDI-12 values over the Tigris Basin. In these maps, we noticed that areas further south experienced drought earlier in the time domain than areas further north.
Notably, water resource management requires long-term reliable records to solve existing and foreseeable problems, which can also help in creating projections for future needs. The early assessment of probable hydrological drought can support the implementation of preventive measures or mitigation of drought impacts. In this study, our findings showed that naturalized streamflow in the Tigris River exhibits a decreasing trend mainly due to natural factors.
